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CONVERSION FACTORS

The following factors may be used to convert inch-pound units in this report
to the International System of Units (SI).

Multiply inch-pound unit By To obtain SI unit

acre-foot 1,233 cubic meter

acre—-foot per square mile 476.1 cubic meter per square
kilometer

acre-foot per ton (acre-ft/ton) 1,359 cubic meter per megagram

acre-foot per year 1,233 cubic meter per year

cubic foot per second (ft3/s) 0.02832 cubic meter per second

foot (ft) 0.3048 meter (m)

gallon per minute (gal/min) 0.06309 cubic meter per second

inch (in.) 25.40 millimeter

mile (mi) 1.609 kilometer (km)

pound per cubic foot (1b/ft3) 16.02 kilogram per cubic meter

square mile (miz) 2.590 square kilometer

ton (short, 2,000 pounds) 0.9072 megagram

ton (short) per day (ton/d) 0.9072 megagram per day

ton per square mile (ton/mi2) 0.3503 megagram per square kilometer

ton per year 0.9072 megagram per year

Temperature can be converted to degrees Fahrenheit (°F) and degrees Celsius (°C)
by the equations:

°C = 5/9 (°F - 32)
°F = 9/5 (°C) + 32

National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic datum derived
from a general adjustment of the first-order level nets of both the United States
and Canada, formerly called mean sea level. NGVD of 1929 is referred to as sea
level in this report.




STATISTICAL ANALYSIS AND EVALUATION OF WATER-QUALITY DATA FOR
SELECTED STREAMS IN THE COAL AREA OF EAST-CENTRAL MONTANA
by

John H. Lambing

ABSTRACT

To document and evaluate existing conditions of water quality prior
to proposed coal development in east-central Montana, water—quality data
were collected at 23 sites on selected streams from October 1975 through
September 1981. The data were statistically summarized and regression
equations were developed to define relationships between water—quality
variables. Where applicable, measured water—quality conditions were com-
pared to various water-use standards.

Water—quality data indicate that considerable temporal variability
exists as a result of streamflow fluctuations during the annual flow
cycle. Measured concentrations of dissolved solids ranged from 145 to
12,200 milligrams per liter. Concentrations commonly exceeded 1,000 mil-
ligrams per liter and thereby present a high to very high salinity hazard
for irrigation. Streamflow of the area contains predominantly sodium and
sulfate ions and gemerally constitutes a medium to very high sodium hazard
for irrigation during intervals of base flow. The water in most streams
is generally adequate for livestock consumption during base flow. The
most favorable conditions for irrigation and 1livestock watering exist
during intervals of direct runoff when the dissolved-solids concentration
is diluted and calcium and bicarbonate compose a significant percentage
of the ionic balance.

Concentrations of suspended sediment were extremely variable and had
a direct correlation to water discharge. Measured suspended-sediment
concentrations ranged from 4 to 23,000 milligrams per liter. Sediment-
transport curves were developed for 18 of the study sites. Mean annual
suspended-sediment loads were determined at five sites using the flow-
duration, sediment-transport curve method. Mean annual sediment loads
ranged from 1,010 to 72,700 tons. Corresponding mean annual yields at
these sites ranged from 1.85 to 207 tons per square mile.

INTRODUCTION

Large supplies of low-sulfur coal underlie extensive areas in the northern
Great Plains of east—central Montana. Consequently, this area is becoming increas-
ingly important as a potential source of supply for meeting future energy needs.
The coal in this region generally occurs near the land surface and currently (1982)
is being extracted on a small scale by surface-mining methods. As a result of



proposals for future coal mining in this area, active coal production is expected
to expand.

The prospect of intensified development of coal has created public concern
regarding impacts to the area's water resources. A primary concern is the quality
of surface waters draining the mined coal fields. Extensive disruption of the
land surface could affect either the water quality of streams directly, or the
quality of ground water that eventually is discharged to the streams. In addition
to actual mining operations, support activities related to the mine and population
increases also could adversely affect surface-water quality.

An appraisal of the area's water resources as near to their premining condi-
tion as possible was considered essential when it became evident that mining might
be conducted on a large scale. This report is the second evaluation of data ob-
tained from a network of surface-water—quality stations that was initiated in 1975.
It provides interpretations of water quality from an expanded data base (fig. 1).
Funding for operation of the network was provided by the U.S. Geological Survey,
the U.S. Bureau of Land Management, and the Montana Department of Fish, Wildlife,
and Parks.

Purpose and scope

The purpose of this report is to summarize and evaluate water—quality data
acquired from streams within the study area from October 1975 through September
1981, This report updates data collected at 9 stations during the initial study
and provides new data for 14 stations. The additional data enable more comprehen-
sive statistical analyses, including development of regression equations, to define
relationships between water—quality variables. 1In addition to statistical analysis
and evaluation, a principal objective of this report is to document baseline condi-
tions to serve as a reference for assessing future changes in water quality.

Water samples were collected on a routine schedule for analysis of about 60
different water—quality variables. Six of the water—quality stations were operated
in conjunction with continuous-record streamflow stations. The sites discussed in
this report vary in the duration of record available, but most sites have a minimum
data base of 2 years. The study period approximates premining conditions, but it
does not necessarily represent undisturbed natural conditions. Other activities of
man, primarily agriculture, have affected the land and drainage characteristics for
some time. Station descriptions for each site are given in table 1 at the back of
the report.

Previous work

Prior to 1975, only limited water—quality information was available for the
larger streams in the study area and almost no data had been collected on the
smaller streams. From October 1975 through September 1977, a network of nine
data-collection stations was operated by the U.S. Geological Survey to periodically
measure water quality. A summary of data collected during these 2 years (3 years
for one station) and descriptions of water quality at each site were published in
a report by McKinley (1979). That report represented the initial water—quality
evaluation in the study area and included descriptions of physical conditions
relating to drainage characteristics at individual stations. Information was also
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given on climate, geology, soils, and land use in the study area as well as some
background information on the water-quality properties that were measured.

PHYSICAL SETTING

The study area (fig. 1) lies predominantly within the Fort Union coal region
of east-central Montana. Most of the area is located between the Missouri and Yel-
lowstone Rivers but also includes two small drainages east of the Yellowstone.
The study area, in general, is bounded on the west by the Big Dry Creek drainage
and on the east by the Montana-North Dakota border. The area encompasses all or
parts of Garfield, McCone, Richland, Dawson, Prairie, Wibaux, Custer, and Rosebud
Counties and comprises about 10,000 mi2.

Climate

The climate is semiarid continental and is characterized by cold moist winters,
cool moist springs, and warm dry summers and falls. Large ranges in daily and
annual temperatures are typical. Minimum winter temperatures of about -30°F may
occur, with January normally being the coldest month and having a mean daily tem-
perature of 13°F., Maximum summer temperatures in excess of 100°F are common. July
is generally the warmest month, with a mean daily temperature of 71°F. Mean annual

temperature for the study area is 44°F (U.S. Department of Commerce, issued
annually).

Most precipitation occurs in late spring and early summer, in response to
dominating Pacific or Gulf Coast frontal systems. June is normally the wettest
month, with a mean precipitation of about 3 in. Mean annual precipitation ranges
from 11 to 15 in. throughout the study area (U.S. Department of Commerce, issued
annually). Seasonal snowfall varies from 30 to 50 in., but seldom accumulates
owing to frequent thaws caused by "chinook" winds. Localized thunderstorms common-
ly cause intense rainfall of short duration during the summer and fall. Extended
intervals of drought on a regional basis often have severe effects on the environ-
ment.

Topography and drainage

Much of the land surface consists of gently rolling hills slightly eroded by
intermittent streams. Locally, badlands have developed in easily erodable shale
and siltstone. Major streams in the area flow on alluvial flood plains that are
commonly bordered by remnants of alluvial terraces. Interstream divides character-
istically are flat-topped ridges and buttes that may rise several hundred feet
above the adjacent valleys. The natural vegetation of the region is generally
sparse, but grass cover is usually adequate for cattle grazing on all but the
steepest slopes. Dryland farming is practiced in the uplands and irrigation farm-
ing is practiced in the valleys, where soil and water permit.

Land-surface altitudes range from about 1,850 to 3,600 ft above sea level.
The lowest area is in the northeast corner where the Missouri River flows from the

study area, and the highest area is in the south-central part in the Big Sheep
Mountains.



Twenty-one streams that are included in the network of stations flow into
either the Missouri or the Yellowstone River directly or are secondary tributaries.
Big Dry Creek, Little Dry Creek, and Crow Rock Creek drain the area south of Fort
Peck Lake. These streams normally have periods of intermittent flow at the sampling
stations, although Big Dry Creek is often perennial downstream from its confluence
with Little Dry Creek. Timber and Nelson Creeks flow into Dry Arm of Fort Peck
Lake from the southeast and are typically intermittent. Prairie Elk Creek, Sand
Creek, Redwater River, and Hardscrabble Creek flow north and join the Missouri
River downstream from Fort Peck Lake. Horse Creek 1is tributary to the Redwater
River. Prairie Elk Creek and the Redwater River are normally perennial streams in
their downstream reaches, whereas Sand, Horse, and Hardscrabble Creeks are inter-
mittent.

Eleven streams in the study area flow directly into the Yellowstone River and
generally have small drainage areas and intermittent flow. Muster and Custer
Creeks flow southeast into the Yellowstone River upstream from the mouth of the
Powder River. Cherry, Clear, Upper Sevenmile, Deer, Burns, Fox, and Lone Tree
Creeks flow southeast and enter the Yellowstone River downstream from the Powder
River. Glendive and Cottonwood Creeks drain areas east of the Yellowstone River
and enter downstream from Glendive.

Hydrogeology

The hydrogeology of eastern Montana has been mapped and described by Stoner
and Lewis (1980) and previously discussed for the study area by McKinley (1979).
Coal resources of the area are located primarily in the Tongue River Member of the
Fort Union Formation of Paleocene age. The approximate areal extent of known
strippable coal deposits and the location of the one active mine are shown in
figure 2.

The water quality of streams during base-flow conditions is largely dependent
on the chemical character of ground-water inflow. Chemical data collected from
wells in the study area (Slagle, 1983) indicate wide variability in ground-water
quality depending on depth, time of contact with underlying formations, and aquifer
mineralogy. A generalized conceptual model of the shallow ground-water system in
southeastern Montana developed by Lee (1980) probably can be used to adequately
describe the geochemistry of the shallow ground-water system in east-central Mon-
tana. The basic conclusions of this model are that recharge waters would tend to
have small concentrations of dissolved solids and be dominated by calcium, magne-
sium, and bicarbonate ions, with significant amounts of sodium and sulfate. As
the water percolates through the system, sodium and sulfate enrichment occurs and
results in an increase of dissolved-solids concentration. Much of the sodium and
sulfate is derived from the dissolution of sodium feldspars, pyrite, and gypsum
combined with cation exchange reactions on clay minerals and subsequent reactions
with calcite, dolomite, and aragonite. Mixing of water recharged through permeable
clinker (overburden baked by coal combustion) may decrease dissolved-solids concen-
trations in some areas. At various points in the system, ground water dominated
by sodium and sulfate may discharge as base flow to the streams.
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Soils

Soils in the area generally are shallow and derived primarily from the weath-
ering of poorly consolidated sandstones, siltstones, and shales, mostly of the
Fort Union Formation. Soil types range from sandy to clayey loam, with erodability
depending largely on soil slope and grain size. 1In the broadest classification,
soils in the area can be divided into residual, alluvial, or a combination of the
two.

Residual soils reflect the character of the parent rock in both physical and
chemical nature. These soils typically occur in upland areas such as slopes and
ridges where the parent material is close to the surface. In the semiarid environ-
ment of the study area, the residual soils tend to be relatively coarse as a result
of the dominating effect of physical rather than chemical weathering processes.
Sandstones generally weather to sandy loams, which store little water and are of
low to moderate salinity. Siltstones and shales, in contrast, weather to form
silty-clay soils that are less well-drained and may contain large amounts of solu-
ble salts. Sodium is commonly the dominant ion. Runoff from residual soils is
generally rapid, especially in areas of sparse vegetation and high relief, and can
produce severe erosion.

Alluvial soils are derived from materials that have been transported from a
variety of sources and deposited on terraces, alluvial fans, and valley flood
plains. The parent material is essentially the same as for residual soils, but
the processes of fluvial transport and size sorting cause a more heterogeneous
soil mixture. Alluvial soils are generally more permeable than silty-clay residual
solls and are commonly well-leached of soluble salts except in poorly drained
areas. Deposition of alluvial soils generally occurs in areas of gentle slope;
consequently, the erosion hazard is normally small to moderate except in local
areas where streams erode the banks.

Combination soils reflect the characteristics of both residual and alluvial
soils. Consequently, such soils may vary widely with respect to permeability,
salinity, and erosion hazard.

DATA COLLECTION

Samples for chemical and sediment analysis were collected at about l-month
intervals from perennial streams and periodically when flow was present from inter-
mittent streams. Streamflow was measured at the time of sampling. Streams at
several of the sites flowed only rarely and the data collected are meager.

An accurate assessment of water quality depends on samples being collected
throughout the entire range of streamflow conditions within the given time frame.
Therefore, sampling visits were programmed on a systematic schedule in an attempt
to create a data base representative of the complete range of variability occurring
throughout the annual flow cycle. Extreme conditions of streamflow, however, af-
fected to some degree the time of sample collection. Low streamflows were general-
ly sampled on a monthly schedule. Disruptions in sampling schedules sometimes
occurred as attempts were made to sample high flows when possible. Consequently,
the preferential sampling of high flows may have introduced some bias into the
statistical analyses. In addition, because the study was short, the degree to
which the data accurately characterize long-term conditions is uncertain.



Sample collection, pretreatment, and laboratory analysis were performed ac-
cording to U.S. Geological Survey standard procedures, which are described in
reports by Guy (1969), Guy and Norman (1970), U.S. Geological Survey (1977), and
Skougstad and others (1979). Samples for suspended sediment were analyzed at the
U.S. Geological Survey sedimentation laboratory in Worland, Wyoming. Samples for
the analysis of chemical constituents were analyzed at the U.S. Geological Survey
water—quality laboratory in Denver, Colorado.

STATISTICAL ANALYSIS OF WATER-QUALITY DATA

The water—quality data from which statistical analyses were made are published
in annual water resources data reports of the U.S. Geological Survey (see References
cited). The following sections describe the statistical concepts and techniques
used in this study. The statistical techniques presented are empirical in nature
but provide a means for identifying correlations between water-quality variables,
which are commonly a result of functional relationships. Because the strengths of
such relationships vary among individual streams, statistical tests are utilized to
identify the variables that are significantly correlated. All statisticallanalyses
were performed by computer programs available through SAS Institute, Inc. (1979).

Regression models

A statistical technique commonly used to define the relationships between
water—quality variables is the development of regression models. These models pro—
vide equations for estimating values of one variable (dependent) from known values
of one or more other variables (independent) that are considered to be chemically
or physically related. 1In this study, simple and multiple regression models were
used to describe relationships between water—quality variables according to the
following equations:

(simple linear regression)

Y =a + bX (D)

where

Y = dependent water—quality variable,

a = regression constant (y—intercept),

b = regression coefficient of the independent variable (slope), and

X = independent water—quality variable.

(multiple linear regression)
Y = a+biX] +bao (2)

where

Y = dependent water—-quality variable,

a = regression constant (y-intercept),

b1 = partial regression coefficient of the first independent variable,

X1 = first independent water—quality variable,

by = partial regression coefficient of the second independent variable, and
X9 = second independent water—quality variable.

1 Use of firm names in this report is for identification purposes
only and does not constitute endorsement by the U.S. Geological Survey.
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Simple and multiple regression summaries for water—quality variables are list-
ed for 21 sites in table 2 at the back of the report. Regression analyses were not
performed on two sites having less than the minimum sample size of four, which was
an arbitrarily selected criterion. Also included in table 2 are descriptive sta-
tistics for values of water discharge, major constituents, and trace elements
determined for each of the 23 sites. All descriptive statistics are reported to
hundredths as a result of the computer-program format, which lacks provisions for
correct significant figures.

The strengths of functional relationships are indicated in the regression sum—
maries by the coefficient of determination (r<), standard error of estimate, sig-
nificance of the regression coefficients (b), and significance of the correlation
coefficient (r). The coefficient of determination indicates the proportion of var-
iance in the dependent variable that is explained by the regression equation and
ranges from 0 to 1. Generally, the larger the coefficient of determination, the
more meaningful is the regression relationship. The correlation coefficient indi-
cates the degree to which the variation in the dependent variable is related to
the variation in the independent variable(s). No relationship exists if the cor-
relation coefficient is zero, whereas a perfect relationship exists if the correla-
tion coefficient is -1 or +1. The standard error of estimate is the standard devi-
ation of the observed values about the regression line. The greater the standard
error of estimate, the less reliable is the prediction capability of the regression
equation. The 0 = 0.05 significance of the partial regression coefficient indi-
cates a 95-percent likelihood that the regression coefficient is not equal to zero.
The o = 0.05 significance of the correlation coefficient indicates a 95-percent
likelihood that a non-zero relationship exists between the dependent and indepen-
dent variables.

Two sets of simple linear regressions were developed for each major constitu-
ent using specific conductance and stream discharge separately as independent
variables. These two independent variables were chosen because of their generally
strong relationships to constituent concentrations. The better of the two equa-
tions was selected, based on the coefficients of determination, and included in
table 2. In an attempt to improve the regression analyses, conductance and stream
discharge were used concurrently to produce multiple linear regressions. The
results are given in table 2. Adding a second independent variable into the regres-
sion equation commonly resulted in an increase in the coefficient of determination.
Although improvements over simple regressions generally occurred, in many instances
they were not large.

The tests for significance used in linear regression analysis are based on the
assumptions that values for the dependent and independent variables are linearly
related and that deviations of the dependent variable about the regression line
(residuals) are normally distributed. In addition, it is important for the array
of values of the dependent variables to have homogeneous variance along the regres-
sion line. If these assumptions are not satisfied, transformation of the data
into logarithms can sometimes be used to attain linearity or uniform variance
about the regression line. The large number of stations and variables precluded
thorough examination of all the data to determine if any transformations might be
needed. Therefore, simple and multiple regression equations in table 2 are based
on untransformed data.



Application of regression models

Regression models can be used to estimate or predict water—quality character-
istics for specific stream sites. By entering measured values of the independent
variable(s) into the regression equation, values of the dependent variable can be
estimated. Regression equations also may be utilized to calculate amounts of spe-
cific constituents transported by a stream (defined as the load). Constituent
loads can be calculated using water discharge and estimated constituent concentra-
tions. Discharge can be obtained either from a direct measurement or from a stage-
discharge rating for the specific stream site. Once the concentration of the
desired constituent has been estimated, loading can be computed using the equation:

L, = 0.0027 0 * C, (3)

™
[}

c = constituent load, in tons per day;

.0027 = unit conversion constant;

= water discharge, in cubic feet per second; and

- = estimated constituent concentration, in milligrams per liter.

When instantaneous values of water discharge are used in the loading equation,
they may be correctly applied only for predicting instantaneous loads. Improvement
in the accuracy of daily loading values can be obtained when a continuous record of
streamflow is available, from which a mean discharge for the day of sampling can be
determined. Monthly and annual constituent loads can be calculated either directly
from daily mean streamflow records and concentrations from daily samples, or indi-
rectly from flow-duration statistics and estimated constituent concentrations.

Regression models developed from adequate baseline water—-quality data can be
useful in assessing the impacts of land-use changes. Deviation from established
regression equations may indicate alteration of water quality resulting from man's
activities. Regression analysis, therefore, can be used to detect significant
changes in water quality that might warrant more intensive investigation of specif-
ic variables.

Limitations of regression models

When applying regression models, certain statistical limitations need to be
considered. A high degree of correlation does not necessarily imply a cause- and-
effect relationship between the independent and dependent variables. However, some
physical relationship between the variables is preferable for the results to be
considered meaningful (Riggs, 1968). Application of the regression equations is
valid only for a specific stream site and only within the range of data used to
develop the equations. To test the continuing adequacy of an equation, periodic
check samples may be necessary to identify major departures from the original rela-
tionship.

The accuracy of a regression model is typically judged on the basis of the
standard error of the estimate and the coefficient of determination. Large stand-
ard errors of estimate are commonly the result of nonlinear relationships or insuf-
ficient data. Small values of coefficients of determination may indicate that one

10



or more of the independent variables are not strongly related to the dependent var—-
iable. In addition, the regression models can be applied correctly only in defin-
ing the effects of independent variables found significant for each model. These
limitations are important to consider when assessing the predictive capability of
regression equations.

EVALUATION OF WATER-QUALITY DATA

Description of all aspects of water quality is difficult because of the large
number of variables involved and the lack of a simple quantitative means to assess
the relative importance of each variable. As a result, it is common practice to
compare measured values of water—quality variables to standards that have been
established to judge the suitability of water for various uses. Water that is
suitable for a particular use may not necessarily be suitable for other uses.

By convention, water—quality variables are divided into physical, chemical,
and biological categories. In this study, emphasis was placed on the physical and
chemical aspects of water quality. Under each category, individual water—quality
variables or variable groups are discussed. Each discussion includes a brief defi-
nition of the variable, a reference to water—use standards where applicable, and a
description of its occurrence in the study area.

Physical properties

Physical properties of water are characteristics that are directly affected by
processes relating to climatic or landform conditions. The major physical proper-
ties measured in this study include water temperature, streamflow, and suspended
sediment.

Water temperature

Water temperature directly affects various physical, chemical, and biological
processes that occur in a body of water. Temperature also controls many physiolog-
ical processes of aquatic organisms including growth and reproduction rates and
bacterial oxidation of organic matter. In addition, water temperature is an impor-
tant factor in the solubility of some chemical compounds and gases, with solubility
of dissolved oxygen being especially important to most aquatic species. Although
temperature standards exist for various water uses, comparisons from the study area
are difficult because of the lack of continuous temperature data to fully define
daily and seasonal fluctuations. As a general reference, limits for maximum water
temperatures ranging from 75°F (23.9°C) to 80°F (26.7°C) have been recommended by
the National Technical Advisory Committee (1968) for successful spawning and egg
development of various warm-water fishes.

Available data indicate that water temperatures follow seasonal and diel cycles
in response to solar insolation and ambient air temperature. Stream depth affects
to some degree extremes of temperature occurring throughout the day; deeper streams
show less variation than shallow streams. Most perennial streams are ice covered
and at 0°C during the winter. Stream temperatures in the summer reach maximums
within the range of 20° to 31°C.

11



Streamflow

Streamflow is composed of water that reaches the stream by direct overland
runoff of precipitation and snowmelt, and by ground-water discharge that sustains
base flow. Because changes in streamflow magnitude and source affect the concen-
trations of constituents in water, values of stream discharge are commonly used in
regression analyses. Flow patterns within the study area are characteristic of
prairie streams. From mid-summer through winter, base-~flow conditions predominate
and many streams go dry. Perennial flow is common only in the downstream reaches
of some of the larger drainages, where ground-water storage is sufficient to con-
tribute water through the alluvium. Intense rainstorms can produce rapid increases
in discharge during the base-flow period, but these rains commonly are localized
and of short duration. Storm runoff 1is generally of short duration and streams
quickly recede to base flow. Sustained prairie runoff most commonly occurs in
late winter through early summer owing to a combination of snowmelt and frequent
rainfall. A subsequent decrease in rainfall through the summer and an increase in
evapotranspiration eventually cause many of the small streams to go dry. On some
streams, these natural streamflow patterns are altered by irrigation diversions
and impoundments for irrigation and livestock watering.
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Continuous streamflow data have been collected at six of the study sites for
varying numbers of years. These data were used to develop flow~duration curves
(figs. 3-8), which are cumulative frequency curves showing the average percentage
of time that specified discharges were equaled or exceeded in a given period. The
accuracy with which these curves describe stream characteristics increases with
the length of the data base from which they are constructed. Flow-duration curves
presented herein are based on streamflow data for those years during which water-
quality data were collected. Because of the short periods of study (2-7 years)
for the six continuous-record streamflow stations, flow-duration curves for these
sites can serve only as descriptions of short-term flow conditions.

Flow-duration curves provide a method for comparing flow characteristics of
streams and estimating frequency probabilities of discharge-related water—quality
properties. The steep slopes of the curves for the six stations denote highly
variable flows derived largely from direct runoff, with generally small amounts of
ground-water inflow storage in the drainage basins. 1In this study, flow—duration
statistics were combined with sediment-transport curves to calculate mean annual
suspended-sediment loads. Methods of computation are presented in the following
section.
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Streamflow statistics for the six continuous-record streamflow stations are
presented in table 3; the statistics correspond to the years when water-quality
data were collected. Where the period of streamflow record is considerably longer
than the water—quality study period, a comparison of water yields between the two
periods is indicative of the degree to which short-term average discharges reflect
long-term conditions. Mean annual water yields for Big Dry Creek near Van Norman
and Burns Creek near Savage during the study period were considerably larger than
the long-term average. In contrast, Redwater River at Circle had a slightly small-
er mean annual water yield for the study period compared to that of the complete
period of streamflow record. Water-yleld comparisons for the other three streams
is somewhat inconclusive owing to a lack of long-term streamflow data.

Suspended sediment

Suspended sediment i1s particulate material that is maintained in suspension by
the upward forces of turbulent currents. (The suspended sediment measured in this
study does not include bedload particles that reside on or move along the stream—
bed.) Sediment transported by streams 1is derived from a combination of channel
erosion and soil eroded by overland runoff. Variation in the availability of

14



Table 3.——Streamflow statistics For continuous-record streamflow-gacing stations
Ffor years corresponding to period of water-quality data collection

[ft3/s, cubic feet per second]

Big Dry  Nelson Prai- Red- Red- Burns
Creek Creek rie Elk water water Creek
near near Creek River River near
Van Van near at near Sav-
Water Streamflow Norman Norman Oswego Circle Vida age
year statistics (sta- (sta- (sta- (sta- (sta- (sta-
tion 4) tion 6) tion 7) tion 9) tion 11) tiom 21)
1975 Maximunm daily - - -- 157 - -
(Fe3/s)
Mean daily - - - 2.90 - -
(£e3/s)
Annual yield - - - 2,100 - -
(acre-feet)

1976  Maximum daily - 93 959 142 2,270 90
Mean daily - 1.07 22.0 4.86 57.8 7.57
Annual yield - 780 16,010 3,530 41,950 5,490

1977 Maximum daily - 154 76 9.6 24 43
Mean daily - .63 3.33 .73 4.60 1.28
Annual yield -~ 453 2,410 525 3,330 928

1978 Maximum daily 10,700 445 1,800 900 2,990 700
Mean daily 243 7.57 52.3 23.3 87.8 14.6
Annual yield 175,800 5,480 37,860 16,880 63,600 10,580

1979 Maximum daily - 351 996 865 5,810 568
Mean daily - 4,57 34,0 28.9 121 20.5
Annual yield -—— 3,310 24,620 20,910 87,930 14,860

1980 Maximum daily -- - - 6.4 50 -
Mean daily -- - -- 1.08 6.94 -
Annual yield -- - - 784 5,040 -

1981 Maximum daily 219 - - 1.5 369 -
Mean daily 4,08 - - W27 9.31 -
Annual yield 2,950 -— — 194 6,740 -
Mean annual 89,400 2,510 20,220 6,420 34,700 7,960
yield (water- (2 (4 (4 (7 (6 (4
quality study years) years) years) years) years) years)
period).

Mean annual 41,590 1,800 14,270 9,850 34,700 4,780
yield (period (38 (6 (6 (43 (6 (16
of continuous  years) years) years) years) years) years)

streamflow
record).
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sediment for transport can be affected by factors such as topography, season, vege-
tative cover, land—use practices, and intensity and duration of rainfall.

Although water—quality standards have not been established for suspended sedi-
ment, large concentrations are detrimental to most water uses and to many aquatic
organisms. Sediment can abrade and clog pumps used for irrigatiom, obstruct res-—
piratory passages of flora and fauna, and blanket streambed habitat essential to
benthic organisms and spawning beds of fish. Suspended sediment also affects
stream chemical quality by functioning as a means of transport for sorbed chemical
constituents such as nitrogen, phosphorus, organic substances, and many trace ele-
ments.

Concentrations of suspended sediment measured in the study area were extremely
variable, ranging from 4 to 23,000 mg/L (milligrams per liter). The smallest mean
concentration (18.8 mg/L) occurred at Clear Creek near Hoyt (station 16) and the
largest (9,690 mg/L) at Muster Creek near Kinsey (station 13). The majority of
samples from most stations had concentrations within the 50-200 mg/L range. Maxi-
mum concentrations of suspended sediment occurred at times of direct runoff when
both channel scour and erosion from overland surfaces contributed sediment to the
streams. Minimum concentrations generally occurred during base flow or during
snowmelt runoff over partly frozen surfaces.

Suspended-sediment concentrations can be extremely variable depending on cli-
matic and land-use conditions during and preceding each streamflow condition sam=-
pled. Stream hydraulics and particle size are important factors affecting the re-
sultant net deposition (aggradation) or removal (degradation) of sediment from a
stream channel. Generally, more than 90 percent of the suspended material in the
study area is smaller than sand (less than 0.062 millimeter in diameter). Fine
sediment particles are easily suspended by the fluid forces in natural streams and
tend to move out of the basin (Guy, 1970). In contrast, coarse sediment particles
resist suspension and may be transported only short distances during high flows or
in reaches of sufficient velocity. In general, aggradation is believed to be more
common than degradation because of increased erosion resulting from various land-
use practices. The acceleration of natural erosion rates commonly produces more
sediment than the stream system is capable of removing.

The quantity of sediment transported by a stream is termed the sediment load.
Flowing streams almost always transport some sediment, but by far the largest sus-
pended-sediment concentrations and loads occur during storm runoff. In some in-
stances, relatively short-term intense runoff can transport the bulk of the sedi-
ment load for the entire year.

If a sufficient number of suspended-sediment measurements is available, a sed-
iment-transport curve (linear regression) can be constructed that describes the
variation in sediment load with stream discharge at a specific site. Instantaneous
sediment loads were calculated according to equation 3 using values of stream dis-
charge and suspended—-sediment concentrations measured during sampling visits. In-
spection of plots of suspended-sediment loads versus stream discharge indicated a
wide scatter of data points with poor correlation. Transformation of the data into
logarithms improved the linear relationship and generally resulted in a regression
equation having a larger correlation coefficient.
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The general form of a log-transformed linear regression equation is

where
Y=
a=
b=
X =

log Y = loga + b log X (4)

dependent water—quality variable (suspended-sediment load),
regression constant (y-intercept),

regression coefficient (slope), and

independent water—quality variable (stream discharge).

Statistical summmaries for suspended-sediment load are presented in table 4.
Because regressions for suspended-sediment load are in logarithmic form, the stan-—

Table 4.--Statistical summary of suspended-sediment load

1

Descriptive Regression® log 0ss = log a + b log 0

Suspended-sediment load,
in tons per day

Standard
Station Stan- Regres- Coeffi- error of
number Sam- dard Re- sion cient of estimate
(fig. ple Minimum Maximum devi- gression coeffi- determi- (log
1) Station name size value value Mean ation constant cient nation units)
1 Big Dry Creek at Jordan 3 0.09 5.30 1.85 2,99 * * * *
2 Crow Rock Creek near 1 .00 34,0 6.17 12.64 -0.845 1.10 0.921 0.476
Cohagen.

3 Little Dry Creek near 9 .04 2,330 518.81 1,021.22 -.550 1.62 .896 .603
Van Norman.

4 Big Dry Creek near 1 2.70 2.70 2.70 - * * * *
Van Norman.

5 Timber Creek near 22 .02 59.0 9.01 17.87 -.486 1.17 .959 212
Van Norman.

6 Nelson Creek near 24 .01 509 61.25 130.85 -.138 1.36 .873 .501
Van Norman.

7 Prairie Elk Creek near 45 .00 15,600 1,017.31 3,123,61 -.379 1.46 .865 .594
Oswego.

8 Sand Creek near Wolf 9 .06 1,550 239.38 503.18 .192 1.45 .931 497
Point,

9 Redwater River at Circle 75 .00 3,720 50.66 429,43 -.668 1.07 .899 .353
10 Horse Creek near Circle 16 .00 70.0 4.72 17.42 -.886 1.12 .895 .359
1 Redwater River near Vida 69 .00 8,710 318.43 1,512.40 -.913 1.26 .934 .299
12 Hardscrabble Creek near 8 .00 4.70 .66 1.64 * * * *

Culbertson.
13 Muster Creek near Kinsey 1 2.90 820 125,60 243,55 1.29 .842 745 443
14 Custer Creek near Kinsey 14 .01 703 109.90 210.44 -.242 1.49 770 .863
15 Cherry Creek near Terry 30 .00 1,680 99.72 381.20 -.927 1.30 .899 .581
16 Clear Creek near Hoyt 18 .00 6.40 .70 1.57 -1.45 1.09 914 .338
17 Upper Sevenmile Creek 19 .00 207 12.29 47.35 -1.31 1.19 911 375
near Lindsay.
18 Glendive Creek near 33 .02 36,000 1,255.30 6,250.33 179 1.41 .910 .530
Glendive.
19 Deer Creek near Glendive 15 .00 2,740 222.02 711.52 -.768 1.25 924 471
20 Cottonwood Creek near 20 .00 238 12.26 53.14 -1.02 1.15 912 .460
Intake.
21 Burns Creek near Savage 46 .02 1,320 31.84 194.31 -.708 1.15 .894 .302
22 Fox Creek near Lambert 2 .01 .06 .03 .04 * * * *
23 Lone Tree Creek near 9 .00 .05 .01 .02 * * * *

Sidney.

1y, Water discharge, in cubic feet per second (independent variable)
Qss, suspended-sediment load, in tons per day (dependent variable)

a, regression constant (y-intercept)
b, regression coefficient (slope)

Correlation coefficient, which is the square root of the coefficient of determination, is significant atoa= 0,05

for all reported regression equations.

*Regressions not attempted because of insufficient sample size or limited range of measured stream discharge.
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dard error of estimate is also given in logarithmic forme. In addition, because the
logarithm of O is undefined, a constant of 0.001 was added to measured sediment
loads at those stations where values of 0.00 ton/d were reported. This addition
prevented omission of small sediment loads from the computer-—generated logarithmic
regressions.

Sediment-transport curves (figs. 9-13) were developed for 18 of the water-
quality sites. The station number for each curve corresponds to the map number in
figure 1. No attempt was made to develop a curve for those stations having fewer
than five suspended-sediment samples or having a limited range of measured dis-
charge values. Curves for several stations are grouped together on each graph on
the basis of drainage area size. This grouping is strictly an arbitrary means to
provide a comparison of the general sediment-transporting characteristics of
streams. Segregating data on the basis of season, storm type, or particle size
may reveal more meaningful relationships for those stations having sufficient data
points. Regression equations for the sediment-transport curves for selected study
sites are given in table 4, along with coefficients of determination and standard
errors of estimate.

10,000 10,000

LLBRELRALL

1000 1000 Station 14

Station 13

100 100

LI IR R RRLLL

LRRLALLLS

INSTANTANEOUS SUSPENDED—-SEDIMENT LOAD, IN TONS PER DAY
INSTANTANEQUS SUSPENDED-~SEDIMENT LOAD, IN TONS PER DAY

0.4 o.l -
0.l 1.0 10 100 1000 o. 1.0 o 100 1000

INSTANTANEOUS STREAM DISCHARGE, IN CUBIC FEET PER SECOND INSTANTANEOUS STREAM DISCHARGE, IN CUBIC FEET PER SECOND
Figure 9.--Sediment-transport curves Figure 10.--Sediment-transport curves
for stations with drainage for stations with drain-
areas equal to or less than age areas of 100-200
100 square miles. square miles.

18



10,000 10,000
> Station 18 > C station 7 /'
a « - ]
a a B
@ @ [~ T
w w - -
a a
2 1000 2 1000k E
o [« o3 3
L [ - -
z z C 2
a s - 4
< < - g
o o
- )
. 100 [ 100 |- 3
-4 z - =
w w - -
=z 4 - 3
1 ) F‘ 7]
@ 8 o
10 1 3
2 2 3 ]
w w -
a a =
(%23 (7] of b
D =] - -
(] (7]
(2] w ™~ -
=4 =
S 1.0 o 1ok
4 2 =
< < -
= - o
z = f
[ 2 -
7] [ -
z z
OI 4 - o" 1 i 1 L L rtatin L4 1 11801 A 1 p1ail
o.l 1.0 10 100 1000 o.l 1.0 10 100 100¢
INSTANTANEOUS STREAM DISCHARGE, IN CUBIC FEET PER SECOND iNSTANTANEOUS STREAM DISCHARGE, IN CUBIC FEET PER SECON
Figure 1l.--Sediment-transport curves Figure 12.--Sediment-transport curves
for stations with drainage for stations with drainage
areas of 200-300 square miles. areas of 300-600 square miles
10,000 F—7v—TTTrImTr—T-TTTTTNT T T T T TTITH
- 3 E
< o .
Q = -
po C ]
P - Station 3 4
2 1000k
2 3
z C 7
s | ]
< L.
(=3
-
[ 100 | 3
; F 3
- -
g - ]
& 1
a 10k 3
=z = E
w -
& F 3
2 - -
(7]
» B '}
2
3 1.0k E
3 E 3
- F ]
(.3 - -
-
2 B ]
o l—11 — Lt Ll L bt Figure 13.--Sediment-transport curves

o.t 1.0 10 100 1000
INSTANTANEOUS STREAM DISCHARGE, IN CUBIC FEET PER SECOND

for stations with drain-
age areas larger than 600
square miles.

19



The estimation of mean annual sediment loads 1is possible when a continuous
record of streamflow is available to develop flow—duration curves. Sediment-trans-
port curves can be combined with flow-duration data to compute sediment load-dura-
tion data from which mean annual sediment loads are calculated (Miller, 1951).

A sample computation for estimating mean annual sediment loads is given in
table 5. The procedure is based on methods described by Miller (1951) and is the
same as that used in a recent sediment evaluation by Litke (1983) of streams in
southeastern Montana. The steps are as follows: (A) Water discharges, 0., for
various percentages of time, t, are taken from flow-duration tables or graphs. (B)
Sediment loads, Qgg, for each corresponding water discharge are determined from the
sediment-transport curve. (C) Mean sediment loads, Qg q(av), for each time interval
are calculated as a mean of the sediment loads at the end points of each interval.
(D) Each mean sediment load is multiplied by the time interval (expressed as a per-
centage of the total time) for which it occurs [(At : 100)x Ogq(av)= Qg4(d)]; per-—
centage intervals are chosen such that these products are as close to equal as pos-
sible. (E) The products are totaled to give a mean suspended-sediment load in tons
per day. (F) This total is then multiplied by 365 days to give the mean annual
suspended-sediment load in tons.

Table 5.--Sample computation of estimated mean annual suspended-sediment load by flow=~
duration, sediment-transport curve method for Redwater River at Circle

[Parameter abbreviations: t, percentage of time; Qe, stream discharge (cubic feet per

second) equaled or exceeded; Qss, suspended-sediment load (tons per day); At, interval
between succeeding percentages of time; Qss(av), mean suspended-sediment load

for time interval (tons per day); Qss(d), sediment load multiplied by time interval]

Parameter t Qe Qss At Qss(av) Qss(d)
0.0 1900 311 -- - -
.10 815 280 0.10 296 0.296
.15 720 245 .05 262 .131
.20 640 216 .05 230 115
.30 490 162 .10 189 .189
.40 390 127 .10 144 44
.50 330 106 .10 116 116
.70 250 79.0 .20 92.5 .185
.90 200 62.2 .20 70.6 141
1.20 150 45.8 .30 54.0 .162
1.60 125 37.6 .40 41.7 167
2.10 94 27.8 .50 32.7 164
2.80 60 17.2 .70 22.5 .158
3.80 39 10.8 1.00 14.0 140
5.60 25 6.73 1.80 8.77 .158
8.60 14 3.62 3.00 5.18 .155
14.0 5.9 1.43 5.40 2.53 .137
30.0 1.6 .355 16.0 .892 143
60.0 .19 .036 30.0 .196 .059
100 .000 .000 40.0 .018 . 007

2.767 x 365 = 1,010

lmaximum daily stream discharge for study period.
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Computed mean annual sediment loads and yields are given in table 6 for five
of the six stations in this study where streamflow was recorded continuously. Big
Dry Creek near Van Norman lacked a sufficient number of suspended-sediment samples
to develop the necessary sediment-transport curve. No comparison of results between
the above method and direct calculation of loading from daily sediment samples was
possible in this study. The error reported by Litke (1983) of the sediment-rating
curve, flow-duration method was + 20 percent for the streams in southeastern
Montana. Although the error percentages do not necessarily apply to the streams of
east-central Montana, they 1indicate that this method is probably adequate to
assess relative magnitudes of sediment loads in the study area.

Table 6.-—Computed mean annual suspended-sediment loads and yields for
continuous-record streamflow-gaging stations

Drainage Mean Mean Mean
area annual annual annual
Station Station name (square load yield yield
number miles) (tons) (tons per (acre-feet
(fig. square per square
1) mile) mile)
6 Nelson Creek near Van Norman 100 5,190 51.9 0.040
7 Prairie Elk Creek near Oswego 352 72,700 207 .159
9 Redwater River at Circle 547 1,010 1.85 .001
11 Redwater River near Vida 1,970 11,500 5.84 .004
21 Burns Creek near Savage 233 1,580 6.78 .005

Dividing mean annual load by drainage area upstream from the sampling site
gives an annual basin sediment yield, in tons per square mile. The yield results
are based on sediment loads transported past the stations and are mathematically
reduced to a sediment loss per square mile. These yields, however, do not imply
uniform erosion rates throughout the basin. An additional distinction to be made
is that sediment yield is not the same as erosion. Sediment yield represents only
that fraction of eroded sediment which is actually transported out of the basin by
the stream. The sediment yields can be converted to volume form by assuming an
average density of 60 lb/ft3 for sediment based on estimates from other studies
(Miller, 1951; U.S. Bureau of Reclamation, 1949). This value gives a conversion
factor of 0.00077 acre-ft/ton to convert tons per year to acre-feet per year.

Computed mean annual sediment loads varied widely, from 1,010 tons at Redwater
River at Circle (station 9) to 72,700 tons at Prairie Elk Creek near Oswego (sta-
tion 7). The corresponding range in mean annual sediment yield is 1.85 to 207
ton/mi2. ‘The geographic variation in sediment yield is presented in figure 14.
Most of the variability probably can be attributed to the short study period as
well as to differences in geology, topography, and runoff. Whereas the Redwater
River in the vicinity of Circle flows through gently rolling hills and has a wide
flood plain, Prairie Elk Creek dissects easily erodable shaly sandstones in bad-
lands near its mouth. In addition, flow-duration curves indicate that Prairie Elk
Creek has a larger frequency of flows capable of transporting available sediment
supplies.
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Sediment yields can he affected by upstream reservoirs, which trap part of
the transported sediment. Numerous stock ponds exist on many of the tributary
drainages and the magnitude of their effect is difficult to assess. Incomplete
mapping of parts of the study area prevented an adequate determiunation of the area
draining into reservoirs. However, it is reasonable to assume that the sediment-
contributing drainage area upstream from sampling sites is somewhat less than the
total area reported. Consequently, reported mean annual yields probably underesti-
mate actual values.

Federal mining laws mandate that mine discharges contain less than 45 mg/L of
suspended sediment. Because sampled mean sediment concentrations for almost all
the study streams exceeded this value, properly designed mine drainage systems
probably will not grossly impact sediment yields. However, erosion and sediment
yield from disturbed areas outside the controlled drainages could be significant,
especially during large-scale runoff periods.

Chemical properties

Chemical properties measured in this study include dissolved solids (major
ions), dissolved oxygen, nutrients, and trace elements. Also included are measure-
ments of specific conductance, pH and biochemical oxygen demand, which are not
truly chemical constituents but are representative of the chemical characteristics
of the water.

Dissolved solids

Dissolved solids is the sum of all constituents dissolved in water ("dissolved”
in this report refers to those particles small enough to pass through a filter hav-
ing pores 0.45 micrometer in diameter). Most dissolved solids in natural waters
occur as ions and, from a practical sense, dissolved-solids values represent the
combined concentrations of the major ions in solution. The major ions in streams
in the study area consist of the cations calcium, magnesium, sodium, and potassium,
and the anions bicarbonate and carbonate (as represented by total alkalinity), sul-
fate, and chloride. Silica is commonly included in the major—ion category although
it is non—ionic at the pH of most natural waters (6.0-8.5).

Numerous water—use standards have been established for dissolved-solids con-
centrations (salinity). Those standards pertaining to domestic drinking water,
livestock water, and irrigation water are of primary concern in the study area.

Secondary drinking water standards established by the U.S. Environmental Pro-
tection Agency (1979) specify that dissolved—-solids concentrations should not
exceed 500 mg/L if more suitable supplies are available. However, larger concen-
trations likely can be consumed without harmful physioclogical effects.

Livestock raising is a major industry throughout the area and water consump-
tion by stock is an important consideration. The consumption of highly mineralized
waters by stock can cause such physiological disturbances as gastrointestinal symp-
toms, hindered lactation and reproduction, and even death. The ability of live-
stock to tolerate various amounts of dissolved solids is dependent upon the type
of livestock as well as the period of adjustment to increased amounts. Poultry,
pigs, horses, cattle, and sheep in respective order have increasing degrees of tol-
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erance to salinity. A salinity classification describing the suitability of Mon~-
tana waters for stock consumption (McKee and Wolf, 1971) is shown below:
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